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Modulation of Both the Early and the Late Phase
of Mossy Fiber LTP by the Activation
of b-Adrenergic Receptors
Yan-You Huang and Eric R. Kandel heterosynaptically by modulatory systems that act on
the presynaptic terminals? There is in fact an extensiveHoward Hughes Medical Institute
noradrenergic projection from the locus coeruleus toand Center for Neurobiology and Behavior
the dentate gyrus and to the stratum lucidum of the CA3College of Physicians and Surgeons
region where the glutaminergic mossy fibers terminateColumbia University
(Moore and Bloom, 1979; Loy et al., 1980). This overlap-New York, New York 10032
ping distribution of noradrenergic and mossy fiber termi-
nals provides an opportunity for heterosynaptic interac-Summary
tion between the two pathways. Indeed, b-adrenergic
receptors have been localized to both the dentate gyruscAMP and the cAMP-dependent protein kinase (PKA)
and the CA3 region (Oleskevich et al., 1989; Nicholas etare required in the mossy fiber pathway for both the
al., 1993), and activation of these b-adrenergic receptorsearly and the late phase of long-term potentiation
increases the level of cAMP in the hippocampus (Stan-(LTP). Since the CA3 region, which is the target of the
ton and Garvey, 1985; Winder and Conn, 1993).mossy fibers, receives extensive noradrenergic in-
In earlier studies, Hopkins and Johnston (1988) foundnervation, we examined the role of b-adrenergic re-
that b-adrenergic agonists can modulate the early phaseceptors in mossy fiber LTP. We found that we could
of mossy fiber LTP and proposed that the site of thisinduce an early phase of LTP by pairing isoproterenol,
modulation is postsynaptic and results from Ca21 influxa b-adrenergic receptor agonist, with a weak train,
through postsynaptic voltage-gated Ca21 channels. Bysubthreshold for LTP. This LTP was specific to the
contrast, Weisskopf et al. (1994) and Huang et al. (1994)mossy fiber pathway, was blocked by inhibitors of
have provided evidence that cAMP induces mossy fiberPKA, and occluded paired-pulse facilitation, sug-
LTP presynaptically. We therefore were interested ingesting that isoproterenol was acting presynaptically.
knowing whether b-adrenergic receptor activation canWhen isoproterenol was paired with a train that in-
modulate LTP presynaptically. If so, is this modulationduced only the early phase of LTP, it gave rise to a
restricted to the early phase, or is it also involved inprotein synthesis±dependent late phase. Consistent
the late phase of LTP? We find that the b-adrenergicwith these findings, b-adrenergic antagonists blocked
receptor activation modulates the early phase via a pre-both the late and the early phase of LTP induced by
synaptic mechanism and that, in addition, b-adrenergicmossy fiber stimulation. Thus, b-adrenegic receptor
receptor activation also is critical for the late, proteinmodulation is important for both phases of mossy
synthesis±dependent phase of mossy fiber LTP.fiber LTP.
Results
Introduction
Pairing b-Adrenergic Receptor Agonist
Hippocampal long-term potentiation (LTP) is thought to with Subthreshold Tetanus Can Induce
contribute to certain forms of explicit memory storage in Both the Early and Late Phase
the mammalian brain (Squire, 1992). As with behavioral of Mossy Fiber LTP
memory storage, LTP has stages: in both the mossy Agonists of the b-adrenergic receptor increase the en-
fiber pathway (which projects from the granule cells of dogenous level of cAMP in the hippocampus (Stanton
the dentate gyrus to the CA3 pyramidal cells) and the and Garvey, 1985; Winder and Conn, 1993). Since cAMP
Schaffer collateral pathway (which projects from the plays a critical role in the induction of mossy fiber LTP,
CA3 to the CA1 pyramidal cells), there is an early phase we first examined whether an agonist of the b-adrener-
that does not require protein synthesis, followed by a gic receptor can induce a long-lasting potentiation. As
later phase that is dependent on protein synthesis (Frey described by Hopkins and Johnston (1988), application
et al., 1993; Huang and Kandel, 1994; Huang et al., 1994). of isoproterenol (1 mM) alone, for up to 3 hr, produced
Previous studies suggested that the cyclic AMP (cAMP)- no synaptic potentiation (n 5 5; Figure 1A). However,
dependent protein kinase (protein kinase A, or PKA) is when we paired isoproterenol with a weak tetanus (50
directly involved in both the early phase of mossy fiber Hz for 0.5 s) that only produced posttetanic potentiation
LTP (Huang et al., 1994; Weisskopf et al., 1994) as well (PTP) and was subthreshold for LTP, we observed sub-
as in the protein synthesis±dependent late phase (Huang stantial LTP (n 5 5; Figure 1B1). To determine whether
et al., 1994). These pharmacological findings have now this potentiation was specific to the mossy fiber path-
been supported by independent genetic studies, which way, we next examined LTP in the extensive collateral
show that targeted ablations of specific isoforms of PKA input that the CA3 pyramidal cells receive from both
eliminate both the early and late phase of mossy fiber their neighboring CA3 neurons and from homotypic py-
LTP (Huang et al., 1995). ramidal cells in the contralateral CA3 region through the
These studies in turn raise the following questions. hippocampal commissure. Since both the collateral and
How is the cAMP second messenger system activated? the commissural inputs give rise to an N-methyl-D-
Is the adenylyl cyclase only activated homosynaptically, aspartic acid (NMDA)-dependent form of LTP (Zalutsky
by the Ca21 influx into the presynaptic terminals follow- and Nicoll, 1990), we refer to both inputs, for conve-
nience, as commissural fibers. When, in the same slices,ing the tetanus, or can the cyclase also be activated
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Figure 1. Isoproterenol Pairing Induced an
Early Phase LTP in the Mossy Fiber±CA3
Pathway
(A) Perfusion with isoproterenol (ISO) (1 mM)
for 25 min in the absence of a weak tetanus
induced no potentiation for up to 3 hr (n 5
5). A diagram illustrating the placement of
electrodes is shown ontop right of (A). Abbre-
viations: MF, mossy fiber; PP, perforant path-
way; Rec, recording; Stim 1, stimulating elec-
trode to elicit MF EPSP; Stim 2, stimulating
electrode to elicit EPSP in commissural
pathway.
(B1) A weak tetanus alone (50 Hz for 0.5 s,
0.05 ms pulse duration [asterisk]) induced a
potentiation in the mossy fiber pathway of
only 3±5 min. However, when the same slice
was perfused with isoproterenol (1 mM) for
25 min, the same weak tetanus induced an
APV-independent LTP (n 5 6). The inset
traces show EPSP 10 min before and 30 min
after isoproterenol pairing. Calibration: 10
ms, 1 mV.
(B2) A weak tetanus (50 Hz for 0.5 s, 0.05 ms
pulse duration) induces PTP in the associa-
tion-commissural pathway. Preperfusion of
isoproterenol (1 mM) paired with the weak
tetanus did not induce LTP in this pathway
(n 5 5). The inset traces show EPSP 10 min
before and 30 min after isoproterenol pairing.
we examined the effects of isoproterenol on mossy fiber mossy fiber LTP, the isoproterenol-paired potentiation
does not require activation of the NMDA receptor (FigureLTP and commissural fiber LTP, we found that isoproter-
enol only produced LTP in the mossy fiber pathway. 1B1) since it occurs in the presence of 2-amino-5-phos-
phono-propionic acid (APV), a blocker of the NMDA re-Pairing isoproterenol with weak tetanus to the commis-
sural pathway did not produce potentiation (n 5 5; Fig- ceptor. Second, the isoproterenol-paired potentiation
occludes LTP induced by electrical stimulation. Thus,ure 1B2).
The LTP produced by pairing isoproterenol with a one tetanic train (100 Hz for 1 s, 0.1 ms pulse duration)
only induced 105% 6 12% potentiation 50 min afterweak tentanus was not secondary to changes in inhibi-
tory input, since it could be induced in the presence of isoproterenol pairing (n 5 5), which is significantly differ-
ent from control slices without isoproterenol treatmentpicrotoxin (n 5 2; data not shown). Finally, this modulat-
ing effect on LTP was specific to b-adrenergic receptors. (166% 6 15%, at 50 min, n 5 5, p < 0.01, Student's t
test). Finally, an inhibitor of PKA (KT5720), which blocksPairing a weak tetanus either with phenylephrine (50
mM), an a-adrenergic agonist (Mueller et al., 1981) (n 5 mossy fiber LTP (Weisskopf et al., 1994; Huang et al.,
1994), also blocks isoproterenol-paired LTP. When iso-4), or with serotonin (5-HT) (50 mM), an agonist capable
of activating cAMP-coupled receptors, failed to induce proterenol (1 mM) was paired with a weak tetanus in
a slice that had first been preincubated with the PKALTP (n 5 4). Finally, pairing a weak tetanus with the
metabotropic glutamate receptor (mGluR) receptor ago- inhibitor KT5720 (1 mM), it induced only weak potentia-
tion 1 hr after pairing (119% 6 18%, n 5 6). This effectnist trans-ACPD (5 mM or 10 mM), which also enhances
the cAMP level (Gereau and Conn, 1994b), induced no is significantly different from LTP induced by pairing
isoproterenol in the absence of KT5720 (Figure 2A)LTP (n 5 5).
The LTP produced by pairing isoproterenol with a (165% 6 11%, n 5 5, p < 0.05, Student's t test). These
results suggest that the effect of the b-adrenergic recep-weak tetanus resembles, in several ways, the early
phase of mossy fiber LTP. First, as is the case with tor agonist on LTP requires PKA.
b-Adrenergic Receptor in LTP
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Figure 2. Isoproterenol-Paired LTP Was
Blocked by PKA and Protein Synthesis In-
hibitor
(A) Isoproterenol-paired LTP was blocked by
PKA inhibitor. Perfusion of isoproterenol (1
mM) with a weak tetanus (50 Hz for 0.5 s) in
the presence of KT5720 induced only a weak
potentiation.
(B) Isoproterenol pairing also activated the
protein synthesis±dependent late phase of
LTP. A single train of tetanus (100 Hz for 1 s,
0.1 ms pulse duration) induced an LTP and
decayed to baseline in about 3 hr (112% 6
11% at 3 hr, n 5 6; open square). When a
single tetanus was paired with isoproterenol,
a long-lasting (>5 hr) LTP was induced (168%
6 25% at 5 hr, n 5 6; closed triangle). When
isoproterenol was paired with a single train
of tetanus in the presence of anisomycin (20
mM, perfused for 2 hr started 25 min before
pairing), the extra component of LTP stimu-
lated by isoproterenol was abolished, and the
remaining component (121% 6 13% at 3 hr,
n 5 5; closed square) was almost overlapped
with the LTP induced by a single train only
(112% 6 11% at 3 hr, n 5 6; open square).
Does the activation of b-adrenergic receptors also fiber and not to the commissural pathway suggests that
isoproterenol may not be acting on the postsynapticcontribute to the late phase of mossy fibers LTP? A
single train to the mossy fibers induces only an early CA3 neuron. To examine this point further, we measured
paired-pulse facilitation before and after isoproterenol-phase of LTP,which decays to baseline in3 hr. To induce
the late phase, three or four trains are required (Huang induced LTP. Paired-pulse facilitation is a well-defined
presynaptic process in which the residual Ca21 followinget al., 1994). We therefore perfused slices with isoproter-
enol (1 mM) for 20±25 min and found that a single train, the first of two pulses leads to enhancement of transmit-
ter release in response to the second pulse (Zucker,which normally produces LTP that decays within 3 hr,
now induced LTP that persisted longer than 5±6 hr 1973). Weak subthreshold tetani alone did not induce
any change in paired-pulse facilitation (Figure 3A). How-(168% 6 25% at 5 hr, n 5 6, Figure 2B). In addition to
differing in time courses, a key distinction between the ever, when paired with isoproterenol, a significant de-
pression in paired-pulse facilitation became evidentearly and late phases of LTP is that the late phase re-
quires new protein synthesis. We therefore perfused the (Figure 3A). This depression is comparable to that ob-
served following tetanus-induced mossy fiber LTP andprotein synthesis inhibitor anisomycin (20 mM) into the
slice for 25 min before pairing and found that the early suggests that b-adrenergic receptor LTP is mediated,
at least in part, by a presynaptic mechanism, much ascomponent of LTP induced by a single train remained
unchanged, but the late component of LTP induced by is the tetanus-induced LTP in the mossy fiber pathway
(Zalutsky and Nicoll, 1990; Huang et al., 1994).pairing that train with isoproterenol was abolished (Fig-
ure 2B, n 5 5). Thus, whereas LTP induced by a single To examine this presynaptic modulation further, we
explored whether it could be obtained in the presencetrain does not depend on protein synthesis, the addi-
tional late phase of LTP induced by pairing a single of a complete block of the postsynaptic glutamate re-
ceptors. Synaptic transmission in the mossy fiber path-train with the b-adrenergic agonist requires new protein
synthesis. In a separate set of genetic experiments, we way is mediated by a non-NMDA type of glutamate re-
ceptor and can be blocked reversibly by the antagonisthave also explored the dependence on PKA of the
b-adrenergic activated late phase. There we found that Kynurenate (CNQX) (Castillo et al., 1994). We therefore
paired isoproterenol with one train in the presence ofmice lacking RIb, a regulatory subunit of PKA, fail to
show a late phase of LTP when a single train is paired APV and CNQX (2 mM, as droplet). As described above,
one train paired with isoproterenol induces a long-last-with isoproterenol (Huang et al., 1995).
ing late phase of LTP that lasts for hours (Figure 2B).
If the LTP produced by pairing with isoproterenol isThe b-Adrenergic Modulation of the Early
Phase of LTP Is Presynaptic mediated by a presynaptic mechanism, this potentiation
should persist after the wash out of CNQX. Indeed, 2The finding that LTP produced by pairing a subthreshold
tetanus with isoproterenol is restricted to the mossy hr after the CNQX had been washed out, there was a
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Figure 3. Modulation of the b-Adrenergic Re-
ceptor on Mossy Fiber LTP Is Presynaptic
(A) Isoproterenol-paired LTP was associated
with the depression of paired-pulse facilita-
tion. (Left) A weak tetanus (50 Hz, 0.5 s) in-
duced only a transient potentiation. (Top left)
Two pulse (50 ms interval) facilitation was
sampled every 10 min during the recording.
No sampling was taken during the 15 min
before and after tetani to avoid any interfer-
ence with potentiation. Paired-pulse facilita-
tion was measured as the ratio of slope of
the second EPSP to the first EPSP and then
normalized. A weak tetanus (asterisk) alone
induced no change of paired-pulse facilita-
tion. The representative trace of sampling
EPSP at 30 min (15 min before tetanus) and
70 min (25 min after tetanus) is shown at the
top. (Right) A weak tetanus paired with the
perfusion of isoproterenol induced a substan-
tial potentiation. (Top right) Paired-pulse fa-
cilitation was sampled as in (A). A weak teta-
nus (asterisk) paired with isoproterenol
induced a significant depression of paired-
pulse facilitation (from 103% 6 5% 10 min
before pairing reduced to 70% 6 8% 25 min
after pairing, n 5 5, p < 0.01). The representa-
tive trace of EPSP sampled at 30 min (15 min
before pairing) and 70 min (25 min after pair-
ing) is shown at the top of the panel. Calibra-
tion: 25 ms, 0.5 mV.
(B) CNQX did not block isoproterenol-paired
LTP. Droplet application of CNQX causes a
large depression of field EPSP. The isoproter-
enol-paired experiments (perfusion of isopro-
terenol with a single tetanus [asterisk] closed
circle) or control experiments (perfusion of
isoproterenol only, open circle) were per-
formed at about 20 min after perfusion with CNQX, when the EPSP was almost completely depressed. EPSP returned to the same level as
in control experiments 2 hr after the application of CNQX, while isoproterenol-paired induced a substantial potentiation. The EPSP trace
before (1), during (2), and after (3) CNQX perfusion in the isoproterenol-paired experiments is shown at the top of this figure. Calibration: 10
ms, 1 mV.
substantial synaptic potentiation in the isoproterenol- different from the LTP induced by one train without timo-
paired pathway (Figure 3B). LTP was 200% 6 20% lol that lasts 1±3 hr (184% 6 15% at 10 min, n 5 5, p <
(n 5 5) 4.5 hr after pairing. By contrast, no potentiation 0.01, Student's t test) (Figure 4A), indicating that the
was observed following application of CNQX and isopro- b-adrenergic antagonist blocks a significant part of the
terenol in the unpaired pathway (91% 6 3%, 4.5 hr after early phase of LTP. This is similar to the results reported
CNQX, n 5 5). These results indicate that neither post- by Hopkins and Johnston (1988) who found that, in the
synaptic receptor activation nor postsynaptic depolar- presence of timolol or propranolol, LTP decayed to the
ization is necessary for the induction of LTP pairing with baseline 15 min after the tetanus. Propranolol (1 mM)
isoproterenol. blocked LTP even in picrotoxin-treated slices, sug-
gesting that the modulation of b-adrenergic receptor is
not due to a change of GABAergic inhibition (Figure 4B).
Timolol (10 mM) also reduced but did not block theBoth the Early and Late Phases of Mossy Fiber
early phase of LTP induced by three trains, suggestingLTP Are Blocked by b-Adrenergic
that in response to a strong tetanus, the early phase ofReceptor Antagonist
mossy fiber (at 1±2 hr) can be induced in the presenceTo examine further whether the b-adrenergic receptor
of inhibitors of b-adrenergic receptors. However, 3 hris involved in the induction of the early and late phases
after tetanization, the synaptic potential returned toof LTP, we investigated the effects of two b-adrenergic
baseline (113% 6 17%, n 5 5). This is significantly differ-receptor antagonists, timolol and propranolol, on the
ent from LTP evident in control experiments (186% 6early and late phase of mossy fiber LTP. We used both
12%, n 5 5, p < 0.01) (Figure 4C) and suggests that theone and three trains to the mossy fibers to induce either
activation of b-adrenergic receptors is necessary for thethe early or late phase of LTP, respectively (Huang et
late phase of LTP. Similar to timolol, propranolol (1 mM)al., 1994). In the presence of timolol (10 mM), one stimu-
also blocked the late phase of LTP in the mossy fiberlus train induced a potentiation that lasted only 10 min
(101% 6 18% at 10 min, n 5 5). This was significantly pathway (123% 6 12%, n 5 4, p < 0.01) (Figure 4D).
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inhibitor KT5720. Thus, these b-adrenergic receptors
recruit the cAMP second messenger pathway, a path-
way critical for both the early and late phase of mossy
fiber LTP produced by tetanic stimuli (Weisskopf et al.,
1994; Huang et al., 1994). Since activation of b-adrener-
gic receptors enhances the level of cAMP, norepineph-
rine is likely to serve as one of the natural transmitters
that regulates the level of cAMP in the mossy fibers and
thereby modulates the efficacy of synaptic transmission
following stimulation of the mossy fibers.
b-Adrenergic Modulation of the Early Phase
of Mossy Fiber LTP Is Presynaptic
The capability to induce LTP by pairing a weak tetanus
with isoproterenol is restricted to the mossy fiber±CA3
pathway. This type of LTP cannot be induced in the
commissural pathway, which also synapses on the CA3
neurons. This input specificity indicates that the re-
sulting mossy fiber LTP is not the result of a general,
postsynaptic change in the CA3 neuron induced by iso-
proterenol, as had earlier been postulated for b-adrener-
gic-mediated potentiation (Hopkins and Johnston, 1988;
Johnston et al., 1992). In addition, the LTP produced
by pairing isoproterenol with a weak tetanus occludes
paired-pulse facilitation, further indicating that b-adren-
ergic receptors act presynaptically. This is consistent
with previous findings that mossy fiber± and forskolin-
induced potentiation also occlude paired-pulse facilita-
tion (Huang et al. 1994). Finally, the LTP produced by
pairing isoproterenol with a weak tetanus can be elicited
even when synaptic transmission is blocked completely
by CNQX. These results indicate that although presyn-
aptic activity is required, postsynaptic depolarization or
receptor activation is not necessary for isoproterenol-
induced LTP. Similar results have previously been re-
ported by Castillo et al. (1994) for tetanus-induced
mossy fiber LTP.
The presynaptic modulation of mossy fiber LTP by
Figure 4. b-Adrenergic Antagonists Blocked, Both the Early and
b-adrenergic receptors is also consistent with the find-
Late Phase of LTP
ing that activation of b-adrenergic receptors can in-
(A) Timolol (10 mM) was perfused for 15 min, and LTP was induced
crease phosphorylation of synapsin I, a vesicle-associ-by a single tetanus (asterisk) decayed to baseline in about 10 min.
ated protein of the presynaptic terminal (Parfitt et al.,This is significantly different from LTP in absence of timolol.
1992), and that both b-adrenergic receptor activation(B) Propranolol (1 mM) was perfused for 20 min in the picrotoxin-
treated slices, and a single tetanus failed to induce LTP. However, and cAMP can enhance evoked and spontaneous trans-
2 hr later, when the inhibitor was washed out, LTP could be induced mitter release in hippocampal pyramidal neurons (Cha-
by a single tetanus in the same slices (n 5 4, mean 6 SEM). vez-Noriega and Stevens, 1994; Gereau and Conn,
(C) Timolol (10 mM) was perfused as in (A). Three trains of tetanus
1994a). Thus, our results are consistent with the conclu-(asterisk) induced a slowly decaying LTP in the presence of timolol
sions of Johnston et al. (1992) that b-adrenergic recep-as compared with LTP induced in the absence of timolol. LTP at
tors modulate LTP. But our results that the modulationthe end of the first hour was reduced (146% 6 12% compared with
190% 6 20%, n 5 5). The LTP decayed almost to baseline (113% appears to be mediated presynaptically differ from their
6 17%) 3 hr after tetanus, which is significantly different from LTP interpretation that the modulation is achieved through
in the absence of timolol (186% 6 12%, n 5 5, p < 0.01). a postsynaptic voltage-dependent Ca21 channel.
(D) Propranolol (1 mM), perfused for 25 min. LTP was significantly
depressed 3 hr after in the presence of propranolol (123% 6 12%
compared with 190% 6 20%, p < 0.01). b-Adrenergic Modulation Contributes
to Both the Early and Late Phase
of Mossy Fiber LTP
Our finding that b-adrenergic antagonists can blockDiscussion
mossy fiber LTP suggests that b-adrenergic receptor
activation is involved, at least to some degree, in theActivation of b-adrenergic receptors modulates both the
early and late phases of mossy fiber LTP, and it does LTP induced by a single train. However, even in the
presence of a b-adrenergic agonist, an early phase ofso in an activity-dependent manner. The LTP induced
by pairing with isoproterenol is blocked by the PKA LTP can clearly be induced with multiple tetani, although
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this potentiation is not long lasting (see Figures 4C and
4D). A similarly transient LTP can be induced by simply
stimulating a single granule cell in the mossy fiber path-
way in dissociated cell culture, without requiring b-
adrenergic input (LoÂ pez-GarcõÂa and Baranes, 1995, Soc.
Neurosci., abstract). These results suggest that an early
phase of LTP can be achieved both by homosynaptic
activation of adenylyl cyclase by means of a tetanus
applied to the granule axons alone as well as by the
recruitment of other noradrenergic pathways that stimu-
late adenylyl cyclase. However, the optimal expression
of the early phase and the long-lasting maintenance of
the late phase requires the recruitment of b-adrenergic
receptors. According to this view, b-adrenergic input
acts toenhance the initial expression of LTP by modulat-
ing release from the presynaptic terminals of the mossy
fibers.
Noradrenergic Modulation May Be Important
for Emotional Aspects of Learning
The noradrenergic projections from the locus coeruleus
and mesolimbic and mesocortical dopamine pathways
are thought to be important for learning and memory,
especially of emotionally charged material or during
heightened arousal (Crow and Wendlandt, 1976; Gold
and Van Buskirk, 1978; Castellano et al., 1991; see also
Montague, 1995). The hippocampus is innervated by
dopaminergic and noradrenergic ascending fibers, and Figure 5. An Hypothesized Schematic Model of the Mossy Fiber
LTPthe heaviest innervation of fibers is evident in the CA1
and CA3 regions. This study, together with our previous (A) The possibility of presynaptic mediation. (1) Axon±axonic interac-
tion between the ascending adrenergic fiber and mossy fiber termi-studies of the D1/D5 receptor (Huang and Kandel, 1995),
nal. (2) A possible retrograde messenger released by the postsynap-provides further evidence of a role for catecholamines
tic CA3 neuron acts on the mossy fiber terminal.in the maintenance of LTP. The parallel effects of cate-
(B) Postulated biochemical steps for the LTP induction in the mossy
cholamines on LTP and on behavioral learning suggest fiber pathway. Abbreviation: LC, locus coeruleus; IN, interneuron;
that the ability of catecholamines to modulate behavioral CA3, the pyramidal neuron of CA3; DG, dentate gyrus. MF, mossy
learning might in part be achieved by their ability to fiber; PKA, protein kinase A.
modulate LTP.
release a retrograde messenger that could act on the
mossy fiber terminals to facilitate transmitter release.How Do the Stimuli to the Mossy Fibers
Recruit the Participation
Experimental Procedures
of Modulatory Pathways?
In the mossy fiber pathway, as in the Schaffer collateral Sprague±Dawley rats (5±6 weeks old) were decapitated, and their
brains were quickly removed into oxygenated, iced artificial cerebralpathway, a critical question remains: how do stimuli to
spinal fluid (ACSF). Transverse hippocampal slices (400 mM) werethese pathways activate the catecholaminergic modula-
prepared and placed in an interface slice chamber at a constanttory pathways? Two mechanisms might account for the
temperature of 288C. The slices were perfused with ACSF solutionpresynaptic facilitation of mossy fiber input by b-adren-
containing 124 mM NaCl, 1.3 mM MgSO4, 4 mM KCl, 1.0 mM
ergic modulation (Figure 5A). First, stimulating the Na2HPO4, 2.0 mM CaCl2, 26 mM NaHCO3, and 10 mM D-glucose, at
mossy fibers could excite the noradrenergic fibers of 2.0 ml/min. In some experiments, slices were perfused with ACSF
solution containing picrotoxin (20 mM, the MgS04 and CaCl2 in thesepassage, and this b-adrenergic input could interact di-
ACSF solutions were 4 mM). Stainless steel electrodes were usedrectly with the terminals of the mossy fibers to produce
for long-lasting extracellular recording, and a fine tungsten bipolarpresynaptic facilitation. This could occur either through
steel electrode was used to elicit the synaptic response. To recordthe direct stimulation of the b-adrenergic input during
the excitatory postsynaptic potential from the mossy fiber pathway,
the tetanus or through the release by the tetanus of the stimulating electrode was placed in the granule cell layer, and
sufficient glutamate from the mossy fiber terminals to the recording electrode was placed in the stratum lucidum of the
CA3region. In each experiment, the positions of both the stimulatingcause release of noradrenaline from the noradrenergic
and recording electrodes wereadjusted until the excitatory postsyn-fibers that in turn acts back on the mossy fiber terminal.
aptic potential (EPSP) recordedmet the criteria described previouslyIn both of these cases, the adrenergic fibers would mod-
(Zalutsky and Nicoll, 1990). Moreover, 25 mM APV was used in allulate transmitter release from the mossy fibers by direct,
LTP experiments to block possible contamination from the NMDA-
axon±axonic means. Alternatively, adrenergic input dependent commissural pathway. To record the EPSP from this
could activate postsynaptic receptors to enhance post- pathway, a stimulating electrode was placed in the stratum radiatum
of the CA3 region (Figure 1A). Test stimuli sampling were of 0.05synaptic cAMP levels. The postsynaptic cell could then
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ms pulse duration and 0.016 Hz frequency. LTP was elicited with region of the hippocampus. Proc. Natl. Acad. Sci. USA 92, 2446±
2450.one or three trains (100 Hz for 1 s; the pulse duration was 0.1 ms,
which was twice that of the test stimuli). The EPSP was measured Huang, Y.-Y., Li, X.-C., and Kandel, E.R. (1994). cAMP contributes
as slope (mV/ms), and LTP was plotted as percentage change of to mossy fiber LTP by initiating both a covalently-mediated early
baseline EPSP slope. phase and macromolecular synthesis-dependent late phase. Cell
For bath application, the following drugs were made and stored 79, 69±79.
as concentrated stock solutions in water and then diluted 1000-fold Huang, Y.-Y., Kandel, E.R., Varshavsky, L., Brandon, E.P., Qi, M.,
when applied to the perfusion solution: 25 mM APV (6 2-amino- Idzerda, R.L., McKinght, G.S., and Bourtchouladze, R. (1995). A
5-phosphonopentanoic acid); 1 mM isoproterenol HCl (Research genetic test of the effect of mutations in PKA of mossy fiber LTP
Biochemicals, Incorporated [RBI]); 10 mM timolol (Sigma); 1 mM and its relation to spatial and contexual learning. Cell 83, 1211±1222.
propranolol HCl (RBI); 50 mM phenylephrine HCl (RBI); 0.5 mM sero-
Johnston, D., Williams, S., Jaffe, D., and Gray, R. (1992). NMDA-tonin HCl (RBI); 1 mM KT5720 (Biomol); 20 mM anisomycin (Sigma);
receptor-independent long-term potentiation. Annu. Rev. Physiol.10 mM trans±(1S.3R) ACPD (RBI). CNQX (RBI) was dissolved in
54, 489±505.dimethyl sulfoxide (DMSO) and applied as one to three droplets (2
Loy, R., Koziell, D.A., Lindsey, J.D., and Moore, R.Y. (1980). Norad-mM) onto the surface of the hippocampal slice.
renergic innervation of the adult rat hippocampal formation. J.
Comp. Neurol. 189, 699±710.Acknowledgments
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